Abstract. Grid-connected high-power inverters are often used in distributed generation and power quality systems. Those inverters have to handle high currents in order to achieve high power values without resorting to higher voltages. Connecting inverter legs in parallel is a proper way to achieve such high currents. Such parallel connection is made by means of inductors and achieving balanced currents among the legs becomes a critical issue. Circulating currents may produce additional losses and stress to the converter's power devices. Therefore, they should be controlled and minimized. An efficient technique to achieve such balance is presented in this paper. The proposed strategy has been developed on a gridconnected three-phase system. Each phase of the inverter is made up of three legs in parallel. Besides, the control implemented in this work allows full regulation of the power factor. This way, any desired power factor value can be achieved in order to meet grid-connection requirements. Simulation and experimental results are shown in this paper.
Introduction
Significant electrical grid changes are being produced nowadays. Distributed generation systems are becoming more and more common; thus, huge central stations are starting to share electricity production with such distributed systems. Many of those generation devices require to process voltages and currents through power electronic converters for a proper grid connection. Some examples include renewable energy systems; e. g. solar photovoltaic, wind turbines, and marine energy. Other promising generation sources are fuel cells. Some other systems that require grid-connected converters are storage energy and power quality devices, such as active filters, static compensators (STATCOMs), dynamic voltage restorers (DVRs), etc.
In order to increase the rated power of power electronic converters, either the voltages or the currents can be increased (or both of them). Multilevel inverters are based on increasing the voltages handled by the converter. The main reason for this is because they can deal with higher voltages.
On the other hand, paralleling devices, legs, or converters is a way to increase the current values [1] - [5] . Parallelconnected legs of a voltage-source inverter (VSI) require the use of inductors to obtain a single output voltage from several input legs. It would be optimal if current sharing among the legs was balanced; however, there is no guaranty for this unless a proper control is used. Several techniques can be applied to achieve current balance among the legs. Most of them are based on PIs [3] - [5] , [7] or optimal controllers [8] which can usually provide good balancing performance. However, they need parameter tuning and the balancing dynamic may not be optimal. Quick response of the balancing control is crucial to avoid long transitory overcurrents on specific legs which might be destructive. The balancing strategy used in this paper is based on [9] and it can achieve current balance very quickly since the exact modification of the modulation signals is calculated and applied. The method is performed without distorting the output voltages and currents.
In voltage-source inverters (VSIs), if the dc-link is fed by a current source, the converter itself takes care of the dclink voltage regulation. Therefore, a proper control loop is needed. In this work, a voltage-oriented control (VOC) is used [10] , [11] . This paper is organized as follows. Firstly, an introduction to paralleling legs by means of inductors is made. Then, a three-phase parallel-legged grid-connected system is introduced. In the following sections, the current balancing technique used in this application is presented and the control loop is described. Finally, some simulation and experimental results are presented
The grid-connected system
The core of the plant used to test the control strategy is a grid-connected inverter whose phases are made up of three parallel legs (Fig. 1) . The primary source of energy is represented by a current source. This current could come from different kinds of applications, such as Inductors are used in order to restrain circulating currents among the legs of the same phase (L). Those inductors also help to average the phase voltages coming from every paralleled leg. Additional inductances may be needed for the grid connection. Inductances L g stand for both, the intrinsic grid impedances and those additional inductances.
Current balancing method
In this study, no magnetic coupling among the inductors is assumed; therefore, the equivalent output inductance is L/3. Consequently, the same inductances used for the parallel connection among the legs contribute to the output inductance of the phase needed in grid-connected applications.
An efficient current balancing strategy was shown in [9] to connect a paralleled-leg inverter over a passive load. The same strategy is applied to the grid-connected threephase system studied in this paper. A summary of the main concepts and equations used are given in the following.
The relationship between voltages and currents in each leg of the system in Fig. 1 is
Adding up the terms for each phase (x), and taking into account that
becomes:
If we think of v xCOM as the voltage that would be generated from an equivalent single leg, then (2) can be written as . 3 and 3 where
If the locally-averaging operator is applied to the equations, the switching frequency ripples in the variables are removed and they become continuous. 
From (4), the averaged equivalent leg of the whole phase can be deduced, as it is shown in Fig. 2 . If there were no current balancing control in the system, every leg of a same phase would receive the very same voltage reference, xREF v . However, in order to provide a control law for every leg current, each individual voltage is modified as follows:
Taking into account that the control variables should not affect the output voltage generated by the leg
), the control voltages have to meet the following condition: On the other hand, applying the locally-averaging operator to (1):
and adding the effect of the control variables, the following relationship is obtained:
Comparing (7) and (8), and bearing in mind that 0   x v as a consequence of the control restriction given in (6), the following relationship is obtained:
Assuming a current imbalance ) (k i xy  at the instant kT s , the necessary voltage to achieve the reference current 3 / x i can be calculated imposing the condition
to the discrete representation of (9), as follows: (10) A timing diagram for this on-line process can be seen in Fig. 3 . 
The Interleaving Technique
The interleaving technique is applied to the system shown in Fig. 1 to achieve an apparent switching frequency n times higher that the individual switching frequency of each leg (f s =n·f sw =n/T sw ).
When operating with a carrier-based modulation strategy, this is achieved by using an n number of shifted carriers. Fig. 4 shows the general n-case carriers disposition. 
Control strategy.
The control strategy used in this grid-connected system is a VOC. A short description of this type of control is presented next.
From the d-q model of a grid-connected system [10] , [11] , the voltage references for the converter can be given by , and 
From (11), the control scheme shown in Fig. 5 can be deduced. In this scheme, the positive-sequence angle of the grid voltages ( d  ) is firstly detected. Then, it is used for the d-q transformations of the grid currents and voltages. As a consequence of such synchronization, the grid component e q becomes zero when operating under balanced and undistorted grid voltages. Besides, the d and q current components will define active and reactive power, respectively [11] .
This control diagram has three loops: an external loop to control the dc-link voltage (v dc ) and two internal ones to regulate the d and q current components.
The controller provides the voltages Δv d and Δv q that, applied to the equivalent grid impedances, will impose the desired grid currents. In order to obtain the voltage references for the converter, v dref and v qref , two additional kinds of terms need to be added. One kind of them is added to cancel the crossing influence between the two current components. The other ones are the transformed grid voltages, e d and e q , although the latter will usually be zero.
In order to achieve unity power factor, the reactive current reference ( * q i ) is normally zero for many applications. However, some regulations require imposing a value different from zero during particular circumstances such as grid voltage sags. Under such conditions, specific regulations define the amount of reactive power that should be injected into the electrical grid. This is the case of the P.O. 12.3 in Spain that indicates the conditions required to keep wind turbines connected to the grid throughout a voltage sag process.
Simulation and experimental results
A model of the grid-connected system with the proposed controllers has been developed on MATLAB-SIMULINK environment. i =0. Fig. 6(a) shows the system starting with the balancing control disconnected. One can see that the currents are not equal and therefore some legs carry more current than the others. The balancing control is activated at the instant t=38 ms. Observe that the three currents are quickly balanced and the legs carry similar current values henceforth. Thus, similar power losses would be produced in all the transistors of the converter. Additionally, the leg currents contain much more ripple than the output phase currents due to the interleaving effect.
In order to test the reactive current control, Fig. 6(b) shows the phase-a leg and grid currents, and the grid voltage of that phase. At the beginning of the process the reactive current reference is zero but it is changed at the instant of 45 ms, in which it becomes * q I =20 A. It can be noted that the relative phase of the grid current changes and it is no longer in phase with the corresponding grid voltage. converter. This figure also shows the dc-link voltage (v dc /2) which is regulated to its reference.
As a first stage of the experimental checking on this study, a single-phase laboratory prototype has been built. The converter has two parallel-connected legs and operates over a passive load. Therefore, since there is no grid connection, the VCO is not implemented, but only the modulation and the proposed current balancing strategy. The main parameters are: V dc =50 V, m a =0.7, f=50 Hz, f sw =5 kHz, f s =10 kHz, L=6 mH with an internal resistance of R p =0.54 , and R load =10 . On Fig. 7 , a low dc-voltage has been added to the output of one leg by means of a battery. This process emulates the case of different voltage drops in the transistors of the legs. Consequently, the system starts with a permanent current imbalance. When the balancing control is activated, the currents are balanced almost instantaneously.
Conclusion
Each phase of the grid-connected system studied in this paper is made up of three legs connected in parallel through inductors. The current balancing strategy implemented can achieve evenly shared currents among the legs with very fast dynamics. A VOC loop is able to regulate the dc-link voltage and to control the reactive current delivered to the grid.
This system has special interest for applications such as distributed generation, energy storage, and power quality devices. The particularity of having more than one leg per phase allows not only to increase the rated power of the converter, but also to improve fault tolerance capability. In the case of failing one switch, the corresponding leg could be isolated and the system would keep on operating with a reduction of the maximum output current and power.
